Abstract. We investigate rotationally supported dwarf irregular (dIrr) galaxies as new targets for indirect dark matter (DM) searches with gamma-ray telescopes. Differently from pressuresupported objects, the kinematics of dIrr galaxies provides a good estimation of their DM halo density distribution. We then are able to calculate the astrophysical factors (or J-factors) of a sample of 36 dIrr galaxies. The range of the calculated values extends from ∼ 10 14 to ∼ few × 10 17 GeV 2 cm −5 and it turns out to be comparable with the J-factors of the well-known dwarf spheroidal galaxies, that is in the range from ∼ 10 12 to ∼ 10 20 GeV 2 cm −5 including the uncertainties. However, the star-forming region in dIrrs constitutes an extra background, that is instead negligible in dwarf spheroidal galaxies. Therefore, we study the possibility of masking the unresolved star-forming regions of these galaxies with the intention of searching for the secondary gamma rays produced by DM annihilation events in their extended halos. We also individuate two galaxies IC10 and Wolf-Lundmark-Melotte (WLM) as the best candidates for indirect DM searches in our galaxy sample. Finally, we get the prospective constraints on the DM annihilation cross-section by means of the current and next-generation gamma-ray telescopes.
Introduction
Astrophysical and cosmological evidences suggest that non-baryonic cold dark matter (DM) constitutes 84% of the matter density of the Universe [1] . Many well-motivated particle DM candidates are predicted to annihilate or decay in Standard Model (SM) particles and to produce secondary cosmic rays, such as gamma rays [2] . There are two valuable approaches for detecting this DM signal in astrophysical sources: (i) the analysis methods which take advantage of different features in the energy spectrum and angular distribution of the signal and backgrounds (i.e. no background modelling) (ii) or very accurate characterization of backgrounds, which allows for more robust identification of possible signals. Galaxy clusters, dwarf spheroidal (dSph) galaxies as well as the Galactic Center are principal astrophysical targets for indirect DM searches. Furthermore, let us stress that there are cosmological targets for indirect DM searches such as the angular power spectrum of the diffuse gamma-ray emission [3] . Among the astrophysical targets the Milky Way dSph galaxies are considered to be especially promising objects due to their relatively close position and their appearance as point-like or marginally extended sources in gamma-ray telescopes. Moreover, the contamination from intrinsic astrophysical sources is negligible in these objects. In fact, they host an old low-luminosity stellar population and do not possess gas. However, the high uncertainties in the kinematics of these pressure-supported galaxies and the total absence of gas in the periphery do not allow us to well constrain their DM profiles (see, e.g., [4] ). The effective determination of the latter is very crucial for the estimation of the astrophysical factor (or J-factor), that depends on the DM density. Besides, due to the uncertainty on the geometry of dSphs, the astrophysical factor of no charged products of the DM annihilation events in dSphs are affected by errors up to six order of magnitudes [5] . In spite of that, the study of dSph galaxies sets the most stringent constraints on the particle DM mass and the annihilation cross-section so far. In particular, the stacked analysis of several dSphs allows to exclude thermal DM particle of masse below 100 GeV [6] . Consequently, both the puzzle of existing claims of the detection of signals of DM particles of different masses and cross-sections and the uncertainty on the background models, make the investigation of the distribution of DM particles an open question so far.
Driven by these motivations, our aim is to identify new targets for indirect DM searches. In fact, rotationally supported dwarf galaxies, or dwarf irregular (dIrr) galaxies, are DM dominated objects at all radii [7, 8] and their kinematics is rather simple. Therefore, in this paper we propose to investigate dIrr galaxies as new sources for indirect DM searches. Recently, seven external star-forming galaxies have been already solidly detected in gamma rays by the Fermi Large Area Telescope (Fermi-LAT). Six of them are rotationally supported galaxies (see for references [9] [10] [11] [12] [13] [14] [15] ). Furthermore, gamma-ray data of the Small and Large Magellanic Clouds (SMC and LMC) have been analyzed to search for a DM annihilation signal [15, 16] . Although, in this case constraints on the mass and the annihilation crosssection of the DM particle are less stringent than that in the stacked analysis of the dSphs, these works show the possibility of detecting a DM signal in star-forming galaxies. In this paper we investigate a sample of 36 dIrrs of the Local Volume catalog [17] , that is within a sphere of ∼ 11 Mpc centred on our Galaxy. The distances to the galaxies in this catalog were obtained by means of primary distance indicators. Galaxies in our sample are star-forming galaxies and it has been suggested that these galaxies represent the main contribution to the Isotropic Gamma-Ray Background for energies below 7 GeV [18] . Typically the star formation rate (SFR) of dIrrs is lower than that of normal spiral galaxies and it is ∼ 10 −3 M yr −1 . Nonetheless, dIrrs also include Blue Compact Dwarf (BCD) galaxies that are dominated by metal-poor gas undergoing intense, spatially extended star-forming activity. Therefore, their SFR can be as high as ∼ 10 −1 M yr −1 (e.g. IC10, see Tab. 1) [19] . Hence, a gamma-ray flux is expected in star-forming regions of these objects [20] . On the other hand, the kinematics of dIrr galaxies points out the existence of cored DM density profiles with halos much larger than the enclosed star-forming regions [21] . This relevant property makes us to propose a new method to overcome the intrinsic astrophysical background contribution and to search for the prospective signals of DM annihilation events in the extended DM halos of dIrrs.
The paper is organized as follows. In Section 1 we will briefly review the DM density distribution profiles of our sample. The details of indirect DM searches with gamma rays are summarized in Section 2, where we also calculate the astrophysical factors of these objects and the associated uncertainties. We present the sky map of our sample of galaxies and the consecutive selection of gamma-ray telescopes in Section 3. In Section 4 we discuss the intrinsic astrophysical gamma-ray background of these objects. In Section 5 we present the proposal of cropping out the astrophysical background and demonstrate this novel analysis for the selection of galaxies. In Section 6 and 7 we obtain prospective constraints on the mass and annihilation cross-section of the DM particle by means of both the individual analysis of the Wolf-Lundmark-Melotte (WLM) galaxy and the stacked analysis of all the galaxies of the sample. Further information about the rotation curves of our galaxy sample and details on the astrophysical factor are given in Appendices A and B.
Dwarf Irregular Galaxies and Burkert profile
The sample of 36 dIrr galaxies was presented and analysed in [22] , where the concept of rotation curve universality is applied to describe dark and luminous properties of the galaxies in the sample. This concept is based on the systematic study of the rotation curves of more than 1100 spiral galaxies [21, 23] . The Universal Rotation Curve (URC) allows to describe the structural parameters of luminous and dark components in galaxies without individual mass modelling. In our case the URC model is able to recover the observed kinematics for most of the galaxies in the sample. However, it fails to reproduce the outer kinematics for three of them (NGC6822, AndIV and UGC8508) (see Fig.A.9 ). This could happen due to the wrongly defined inclination in these objects. Although, we still take into account these objects in our analysis, but we keep in mind that their kinematics should be farther checked. The DM distribution in dIrr galaxies was described by the Burkert profile [22] :
where ρ 0 is the central density and r 0 is the core radius. The relative DM halo parameters are listed in Tab. 1 1 . We also calculate the virial radius as:
where the mass of the DM halo M halo is given in Tab. 1. In the same table we also report the distance d, its error ∆d, the optical radius R opt , structural parameters of the DM halo (r 0 , ρ 0 , R vir ), the inclination, the stellar disk mass M disk and the morphological classification (MC). As we will discuss in the following, these information is crucial for the determination of the astrophysical gamma-ray background for each source. Let us notice, that the cuspy NFW profile [24] does not fit well the kinematics of dIrr galaxies [22, 25] . Therefore, in what follows, we use the Burkert profile.
2 Gamma-ray flux from dark matter annihilation
Since the properties of large scale structures observed in our Universe imply that DM is fairly cold and its particle is relatively slow moving, the Weakly Interacting Massive Particle (WIMP) is the most plausible DM candidate so far. In the generic WIMP scenario, two massive DM particles can annihilate producing two lighter SM particles. In this framework, the differential gamma-ray flux by annihilating DM particles in galactic sources is [30, 31] :
The first term is the particle physics dependent part: [29] .
Here we also mark if a galaxy was identified as a BCD and its corresponding reference. Three of the galaxies in the sample are not present in the RC3 catalog, therefore we suggest their morphology following [17] . The error are estimated to be of 15% on ρ 0 , r 0 , and 10% on R vir and R opt .
that depends on the DM particle mass m DM and the averaged annihilation cross-section σ i v of two DM particles into two SM particles (labeled by the subindex i). After the main annihilation event, the chain of subsequent hadronization and decay events produces secondary fluxes of cosmic rays, such as gamma ray, neutrino, antimatter etc. For example, the number of gamma-ray photons produced in each channel per energy interval d N i γ /d E γ involves decays and/or hadronization of unstable products such as quarks and leptons.
Due to the non-perturbative QCD effects, the analytical calculation of these decay chains is a hard task to be accomplished and therefore it requires Monte Carlo events generators such as PYTHIA [32] or HERWIG [33] particle physics software. Here, we use Cirelli's code [34] and we include electro weak correction [35] . The uncertainty related to the choice of the Monte Carlo events generator software that produces the simulated gamma-ray flux was studied, among others, in [36] .
The second term on the r.h.s. of Eq. 2.1 represents the astrophysical factor:
i.e, the integral of the DM mass density profile, ρ(r), along the path (line of sight, l.o.s.) between the gamma-ray detector and the source divided by the detector solid angle ∆Ω = 2π(1 − cos θ). The allowed range of values for θ is given by the Point Spread Function (PSF) of the instrument and the projected angular dimension of the source in the sky, as we will discuss in the following sections.
The astrophysical factor
In this subsection, we will focus on the astrophysical factor in indirect DM searches. While the particle physics dependent part P (m DM , σ i v ) in Eq. (2.1) is totally independent of the astrophysical context, the astrophysical factor only depends on the estimated DM density profile (the central density ρ 0 , the core radius r 0 , see Eq. (1.1); the virial radius R vir , see Eq.
(1.2) and the distance d to the source). All these parameters for our sample of 36 galaxies are presented in Tab. 1 and Fig. 1 . In Fig. 2 we plot the astrophysical factors for the whole sample of dIrr galaxies as a function of the projected angular dimension θ vir . This angle depends on the virial radius and the distance to the source as: R 2 vir = d 2 sin 2 θ vir (see Appendix B for details). In Fig. 2 it is evident that the astrophysical factor increases with the angle θ vir . The highest values of the astrophysical factor (calculated taking into account the entire DM halo profile of each object up to R vir ) are obtained for NGC6822, IC10, WLM. We would like to underline that they are the closest objects in the sample (Panel (a) of 
The uncertainty on the astrophysical factor
It is well known that estimating the astrophysical factor is a difficult task affected by large uncertainties (see e.g. [5] ). In this section we will discuss some of this uncertainties.
The measurement of the virial radius R vir in dIrrs is independent of their distance d, so then we can calculate the maximum error on θ vir for each galaxy as:
The error bars on the θ vir are shown on Fig. 2 and listed in Tab. 2. The 15% error on the DM density distribution parameters ρ 0 and r 0 , introduces an uncertainty of 20% − 60% on the density distribution itself, that is 75% of the astrophysical factor. We neglect the uncertainties on both the extreme limits of integration along the l.o.s. and the solid angle since these contributions are expected to be negligible. In fact, it appears clearly that a strong accuracy on the estimation of the DM density distribution will be lost in the integration along the l.o.s.. This fact remains one of the strongest source of uncertainty in indirect DM searches. However, it is important to underline that the astrophysical factors of dIrr galaxies are comparable, within the error bars, with that of some dSph galaxies, such as SEGUE 1 and 2 (see Fig. 2 ) [5] . This reinforces our proposal for searching gamma-rays from DM annihilation events in dIrr galaxies. Indeed, even if these objects are not point-like, they cover extended region of the sky that can be localized against the background, as we show in the following sections. For the comparison, we also report the astrophysical factors and the associated error bars of three dSphs: SEGUE 1, SEGUE 2 and DRACO [5] . The angular dimension in the latter case is given by the tidal radius.
Gamma-ray telescopes
Satellite [37] , ground-based air [38, 39] and water [40] [41] [42] [43] Cherenkov arrays are dedicated to the detection and study of gamma-ray sources. The gamma-ray astronomy represents one of the most promising method to search for DM indirectly [44] [45] [46] [47] [48] . Different instruments cover different region of the sky, energy range, resolution power and field-of-view. In this section we will present a selection of telescopes and the prospects for DM detection in dIrrs by each of them, depending on different characteristics.
In Fig. 3 we show the position of our sample of galaxies in the sky with respect to the sky coverage of several instruments. On this sky map we illustrate that both Fermi-LAT and the combination of CTA (Cherenkov Telescope Array) South and North are expected to cover all the sky. However, the MAGIC (Major Atmospheric Gamma Imaging Cherenkov Telescopes), HESS (The High Energy Stereoscopic System) and HAWC (High-Altitude Water Cherenkov Observatory) instruments have limited sky coverage. We also show that most of the galaxies of our sample are in the sky region covered by Fermi-LAT, HAWC, MAGIC and future CTA-North telescope. A minority of them are also observable with the HESS or the future CTA-South telescope, but not by MAGIC (see Fig. 3 ). Regarding the energy range, Fermi-LAT and MAGIC telescopes cover the GeV range of energies, while HESS, HAWC and CTA are able to cover energy scales up to hundreds of TeV. The sensitivity of gamma-ray detectors is determined by three basic characteristics: the effective area A eff , the residual Table 2 : Projected angles corresponding to the optical (θ opt ), the core (θ r 0 ) and the virial (θ vir ) radii and their errors respectively for each dIrr galaxy. The error is also a phenomenological uncertainty on the possibility to resolve the source. See text for details.
background φ bg and the angular resolution θ PSF , all of which are typically strong functions of the gamma-ray energy. The nominal values of the energy range and resolution, the angular resolution, the field of view (FoV) and the effective area for several telescopes, both satellite and ground-based, are given in Tab. 3. In Fig. 4 we report differential sensitivity for each instrument as given in [40] [41] [42] [43] 49] . Besides, the integral sensitivity is relevant when aiming to detect a new source, and the angular and energy resolutions are critical for imaging and spectroscopy. Moreover, the combination of all of them allows to cover energy range between 0.1 − 10 5 GeV, even if the performance is very different for different devices. Estimates of integral flux sensitivity are always strongly dependent on the assumed spectral shape. For this first rough analysis we will take these sensitivities as general constraints in order to get a [37] , the air and water Cherenkov observatory HESS [38] , HAWC [40] [41] [42] [43] and the future CTA telescopes [39] , respectively. The angular resolution in Fermi-LAT strongly depends on the energy. The φ PSF bg is obtained by integration of the differential sensitivity on the energy range of each instrument as by [49] . In the case of Fermi-LAT we use the curve for extragalactic sources, that is calculated using the isotropic extragalactic diffuse emission only, a minimum significance of 5σ in each bin of energy and minimum 10 events per bin.
prediction on the possibility of detection of a DM annihilation gamma-ray flux in our sample of sources. The details are presented in Section 5. Sky map: position of the 36 dIrr galaxies in the sample and compatibility with the region of the sky that is observable with several gamma-ray telescopes. Different colors indicate the sky coverage of each experiment. We stress that Fermi-LAT covers all the sky. The yellow region is covered MAGIC, CTA-north, and HAWC. The green region can also be observed with HESS. The violet region is observable by the previous experiment except MAGIC and CTA north. The cyan region can be observed only by HESS so far. CTA-south will also cover this region in the next future. 
The astrophysical gamma-ray background
Identifying possible astrophysical gamma-ray sources in dIrrs is essential before searching for DM annihilation signals.
On one hand, point-like sources such as pulsars with nebula, supernovae remnants and active galactic nuclei (AGN) produce gamma rays. The latter are sources of Very High Energy gamma rays up to TeV energy scale. Let us first note that AGNs are not observed in dIrr galaxies and therefore they can be neglected. Regarding, the population of pulsars and supernovae in dIrr galaxies, it depends on the SFR and, differently from dSphs, the SFRs in dIrrs are high [20] . The gamma-ray luminosity as a function of the SFR is studied for starburst galaxies with SFR∼ 1 -10 2 M yr −1 [50] and for SFR ∼ 10 −2 − 10 2 M yr −1 and energy range of 0.1 − 100 GeV in [51] . Therefore, starburst galaxies have been detected in gamma rays by several experiments [52] [53] [54] . Since our dIrr galaxies have lower SFRs (e.g. WLM SFR∼ 10 −3 M yr −1 [20] ) and thus their astrophysical background is also expected to be lower. However, due to the lack of an in-depth study of the gamma-ray production in dIrr galaxies we can only put an upper limit on their gamma-ray luminosity:
10 36 ergs −1 , that corresponds to the SFR 10 −2 M yr −1 . This upper limit should be valid for most of the galaxies in our sample. However, it is useful to stress, that there is at least one galaxy in our sample (IC10, see Tab. 1) for which SFR is ∼ 10 −1 M yr −1 [19] , therefore, in this case the gamma-ray luminosity might be higher than the assumed upper limit.
On the other hand, one should also take into account the diffuse gamma-ray emission in the interstellar medium, that is the combination of Inverse Compton, Bremsstrahlung and Pion Decay radiation. The scaling laws for the interstellar gamma-ray emission as a function of global galactic properties are studied in [50] . Once again, the model is suited to better simulate normal spiral galaxies than strongly irregular ones, however it can provide insights into the effects of star formation conditions of non-thermal emissions in dIrrs. The Inverse Compton radiation dominates in the energy range of 100 keV -100 MeV, while the Pion Decay is the main component of gamma-ray emission between 100 MeV and 100 TeV. Indeed, Figure 5 : Angular dimensions and resolutions of different sources and gamma-ray experiments, respectively.
For each source, we show: the projected virial radius (blue squares), core radius (green points) and optical radius (purple points). Angular resolutions are given for: Fermi-LAT (0.5 • ) (yellow-black dashed line), HESS and HAWC (0.1
• ) (blue solid line), and CTA (0.05 • ) (red dotted line). The angular resolution of Fermi-LAT strongly depends on the energy (yellow diagonally cross-hatched region). The star-forming (optical) regions of our sample of dIrr galaxies are unresolved by Fermi-LAT with 0.5
• of the resolution power. For comparison, we also show the angular dimensions of three dSph galaxies: DRACO, SEGUE 1 and SEGUE 2 (colours online).
detecting a DM annihilation signal in the optical region of dIrrs is unlikely. Despite the case of resolved dIrrs as LMC [15] and SMC [16] most of the optical radii of dIrrs in our sample are not resolved in gamma rays. In fact, the resolution power of optical, X-ray and radio telescopes, which provide the kinematics for the rotation curves is several order of magnitudes better than that of gamma-ray experiments. Nevertheless, the DM halos of dIrrs are eventually extended sources for gamma-ray observatories and unresolved gamma-ray sources in this case are expected to be part of the isotropic diffuse emission [18, 55, 56] . Nonetheless, for four galaxies of our sample (IC10, WLM, IC1613, NGC6822) the optical regions are predicted to be bigger than ∼ 0.1 • , that means they are potentially resolvable with the Fermi-LAT telescope (see Tab. 2 and Fig. 5 ). Additionally, many other galaxies will be resolved in their DM halos, but not in their optical (gamma-ray astrophysical) regions. However, part of them has optical angular dimension smaller than ∼ 0.05 • ; they will be resolved by the next-generation of gamma-ray observatories such as CTA. In Tab. 2 we report both the optical and the virial angular dimensions for each dIrr galaxy in the sample. The uncertainty shown in Tab. 2 affects this estimation, as discussed in Section 2.1.1. A comparison of the optical, the virial and the core radii with the PSF of several instruments is given in Fig. 5 . This figure illustrates the hypothesis that the unresolved star-forming regions of our galaxies may represent a strong component of the diffuse gamma-ray background observed by Fermi-LAT [18, 55, 56] . ) . We mask the star-forming region, where the most of the intrinsic astrophysical gamma-ray background is expected.
Analysis
As discussed in the previous section, even if an astrophysical gamma-ray background is expected from the unresolved optical region of dIrrs, the biggest galaxies are hosted by very large DM halos [22] . These halos can be resolved by the current and next-generation of gamma-ray telescopes (see. Tab. 3) and analyzed as extended sources. It has been argued that detecting a DM signal in an extended region could be a smoking gun for the DM detection. In fact, such an emission could not be explained by known astrophysics [57, 58] .
While the existence of a central high astrophysical emission will be useful in order to identify the source, we will need to mask the star-forming region in order to perform the analysis of the extended DM halo with no background. Fist, we assume that the intrinsic source of the highest astrophysical gamma-ray background is confined within the point-like star-forming region, that is defined by the optical radius (Tab. 1). Then our approach is based on masking this optical region and excluding it from the analysis of the extended halo. This technique is illustrated in Fig. 6 . Notice that, the masking procedure has been applied in the literature in several analysis (see for example [59, 60] ).
After masking the optical region of a galaxy the astrophysical factor can be calculated from Eq. (2.3) as:
where < J > vir(mask) =< J > ∆Ω vir(mask) ×∆Ω vir(mask) and ∆Ω vir(mask) = 2π(1 − cos θ vir(mask) ).
As it was discussed in the previous section only four galaxies of our sample (NGC6822, IC10, WLM, IC1613) have optical star-forming regions that may be resolved with the current ground based or satellite gamma-ray telescopes. For these galaxies with θ opt > θ PSF we apply a mask of the size comparable with the optical region < J > mask ≈< J > ∆Ωopt ×∆Ω opt . For the others (θ opt < θ PSF ), we apply the minimum mask, where the size of the this mask depends on the PSF of the telescope < J > mask ≈< J > ∆Ω PSF ×∆Ω PSF . The optical and the virial angles along with the astrophysical factors are reported in Tab. 2 and Tab. 4, respectively. We would like to highlight, that on the one hand, the extended analysis of the whole DM halo allows to maximize the astrophysical factor. 2 On the other hand, the masking method allows us to reduce the astrophysical gamma-ray background to the minimum value without affecting much the final < J > Halo (see Tab. 4 for a comparison). Notice that, this statement is true in the case of a cored DM density profile, while in the case of a cuspy profile the procedure of cropping out the central star-forming region might strongly diminish the value of < J > Halo . Figure 7 : Fermi-LAT and CTA sensitivities for a 5σ detection of extended sources as a function of the source extension as given in [49] . We compare them with the integrated gamma-ray flux expected in dIrr galaxies from annihilation of thermal (< σv >= 3 × 10 −26 cm 3 s −1 ) DM particles in W + W − (left), bb (right) and τ + τ − (bottom) SM channels. The results are shown only for the DM particle with masse of 100 GeV and 1 TeV. This is because the integrated flux is calculated in the energy range 10 -100 GeV.
Extended source detection threshold
The potential of an instrument to discover new sources, or events, is related to its integrated performance over the relevant energy range. The (i) minimum detectable flux φ d (5σ) and the (ii) minimum flux φ e (4σ) at which statistically significant extension can be established, are provided as a function of the angular extension [49] . In Fig. 7 we report the gammaray fluxes (integrated over the overlapping energy range of Fermi-LAT and CTA telescopes, that is 10-100 GeV) expected by annihilation of 100 GeV and 1 TeV thermal (< σv >= 3 × 10 −26 cm 3 s −1 ) DM particles in DM halos of different extensions. We perform the analysis for three annihilation channels: the boson W + W − , the quark bb and the lepton τ + τ − . Given the angular extension of the source, this study shows that the predicted gamma-ray emission from DM annihilation events is several order of magnitude below the minimum detectable flux φ d (5σ) calculated in the region of the same dimension and in the overlapping energy range (10-100 GeV) [49] . However, let us notice that analyzing the performance of any instrument as a function of the extended angle on larger energy range is fundamental for applying this kind of analysis to the DM particle candidates of different masses. Additionally, the estimates on the integral flux sensitivity are also strongly dependent on the assumed spectral shape of the gamma-ray flux. In [49] the authors assume an E −2 spectrum source with no cut-off. The analysis may be further improved assuming an energy spectrum with a cut-off that is typical for the predicted gamma-ray flux from DM annihilation.
6 Wolf-Lundmark-Melotte (WLM) galaxy
As it was shown in Section 4, the largest J-factors are obtained for NGC6822, IC10 and WLM dIrr galaxies. However, the close vicinity of NGC6822 and IC10 to the Galactic plane is a reasonable motivation to expect a higher diffuse background level with respect to WLM. Moreover, the URC hypothesis does not work very well for NGC6822, and its kinematics should be further investigated. Thus the WLM galaxy represents a good candidate for indirect DM searches for several reasons. Firstly, its position at high longitude (l = 75.86, b = −73.62), where the galactic diffuse emission can be neglected. Secondly, the astrophysical factor (< J > Halo = 1.27 × 10 16 GeV 2 cm −5 ) is the third higher among our sample. Thirdly, the halo angular dimension of several degrees (θ vir = 2.6 • ± 0.1 • ) allows to analyze the source as an extended. Fourthly, the optical angular dimension (θ opt = 0.1 • ) is expected to be resolved by HESS, HAWC and CTA. Lastly, among other galaxies in the sample the rotational curve is well fitted by the URC hypothesis (see Appendix A).
We then ask that the predicted DM gamma-ray flux from WLM would be detectable as an extended source with 5σ significance:
where φ Halo-DM γ = P (m DM , σ i v )× < J > ∆Ω Halo is the gamma-ray flux from DM annihilation events in the halo, as defined in Eq. (2.1). In order to calculate the predicted gamma-ray flux from annihilation of DM particles in an extended DM halo we need to define the background of this area. This can be done by assuming different sensitivities, shown in Fig. 4 , as the background. After integration over the nominal energy threshold of each instrument, as given in Tab. 3, the dependence on the angular extension of the source is calculated as in [49] 3 :
In our analysis we consider two cases:
• (I): we follow the hypothesis of the masked source and we additionally assume that the emission from the star formation activity is the only background component we have. Therefore, we can consider to get a 5σ signal from DM annihilation events in the extended halo with φ ext bg ≈ 0. This lower limit is reported on the left panel of Fig. 8 ;
• (II): as in the first case we follow the hypothesis of the masked source, however now we require to get a detection of a 5σ significance with the non-zero extended background φ ext bg = 0 (see Tab. 5). The latter is calculated as a function of the point-like background ) the black arrows demonstrate how constraints on the DM annihilation cross-section are affected by changing the requested significance from 5σ to 2σ. Here we show, as an example, the lower limit (II) of the CTA telescope. We also show the exclusion limits obtained by observation of the SEGUE 1 dSph galaxy by MAGIC collaboration (black solid line) for the bb and τ + τ − annihilation channels. Right panel: The same as left panel, but for the stacked analysis of 36 dIrr galaxies in the sample with the current Fermi-LAT and next-generation CTA observatories. The results appear to be comparable with that obtained from the stacked analysis of 15 dSph galaxies by Fermi-LAT (solid red line) [6, 63] as in Eq. (6.2) and the point-like background φ Bg is given in Tab. 3. In other words we take into account the possibility to detect the source with respect to the lowest sensitivity of the instrument. Then the reported sensitivities are calculated for a minimum significance of 5σ in each energy bin and a minimum of 10 events per bin. Because of that, our requirement to get a 5σ significance on the defined sensitivity must to be considered as the worst estimation of what it is expected by the analysis of rough data. This upper limit for three different annihilation channels is also shown on Fig. 8 .
On the left panel of Fig. 8 we show the results obtained by applying this analysis to the WLM galaxy for three annihilation channels: W + W − , bb, τ + τ − and four instruments: Fermi-LAT, HESS, HAWC and CTA. Based on (I) and (II), we expect that the analysis of WLM rough data will be found between our upper (full lines) and lower limits (dotted/dashed lines). We also notice that these limits may vary with the observation time and the assumed significance level. The derived limits on the DM annihilation rate from the analysis of WLM galaxy can be additionally compared with the exclusion limits obtained in τ + τ − and bb channels by MAGIC collaboration for the SEGUE 1 dSph galaxy [64] . Left panel of Fig. 8 illustrates that the region between our upper and lower limits, that are defined for different experiments, is comparable, within the DM mass range ∼ 0.1 − 10 TeV, with that of the SEGUE 1 dSph. We remark that the latter analysis is performed with the observation time of ≈ 43h and the detection significance of -0.85σ.
Stacked analysis
Along with the astrophysical point-like gamma-ray background, the gamma-ray isotropic diffuse emission of unclear origins may represent an extra background component for the extended region of dIrr galaxies [3] . Because of that, it may be difficult to detect the gammaray flux by DM annihilation events in the DM extended halo of a single dIrr galaxy. We then argue to perform the stacked extended analysis of the full sample of 36 dIrr galaxies. Once again we require that:
where we define
, where P is the particle physics factor defined in Eq. (2.2). Due to the distribution of the sources in the sky, we develop the analysis only for the Fermi-LAT experiment and the combination of CTA North and South observatories. In fact, other experiments are not able to observe the entire sky and the stacked analysis should be performed depending on the particular case. The results are shown in the right panel of Fig. 8 . Although, as in the case of the analysis of the single source, the comparison of our results with the stacked analysis of the classical dSphs is not straightforward, in Fig. 8 we show the exclusion limits obtained by the Fermi-LAT Collaboration. Notice that, these limits are obtained by means of the point-like stacked analysis of 15 dSph galaxies and six-years data, and they are given for a 2σ significance [6] . Instead, in our analysis of dIrrs we require a 5σ significance, ten-years data of Fermi-LAT and 1000h of observational time with CTA. We would like to stress that our analysis is oversimplified and we expect that the analysis of rough data will set exclusion limits in the region between our upper and lower limits. We also notice, that we neglect the possibility that the background might be very different from source to source, depending on the position of the source in the sky. For example, the zero extended background hypothesis could be reasonable for the sources located at the very high longitude, such as WLM. On the other hand, the Galactic diffuse emission increases the background level for the sources that are close to the Galactic plane, such as IC10.
Conclusions
In this study we analyze a sample of 36 dIrr galaxies as new sources for indirect DM searches with gamma-ray telescopes. These DM dominated rotationally supported galaxies, differently from dSphs, allow us to well constrain their DM density distribution profiles. Although the final uncertainty on the astrophysical factor is estimated to be bigger than 75%, it is in the most of the cases better than that of the classical dSph galaxies. Two galaxies of our sample, IC10 and WLM, have J-factors of the order of ∼ few × 10 17 GeV 2 cm −5 . However, a strong gamma-ray background contribution of astrophysical origin is expected in these galaxies. Therefore, in order to avoid this problem, we propose a novel technique based on cropping out the star-forming regions that are assumed to be the main sources of the intrinsic gamma-ray background. This idea is motivated by the fact that the kinematics of dIrrs indicate that large (with respect to the star-forming regions) DM halos should surround them. In details, this new method focuses on the possibility to mask a point-like optical region in order to eliminate it, weakly affecting the astrophysical factor expected from the whole extended DM halo. Once the mask is applied, the DM halo of a galaxy can be analyzed with the zero extended background hypothesis or by using different assumptions on the extended background level.
In this paper we show prospective results on the possibility to detect a DM annihilation signal in the extended DM halos of dIrr galaxies. Firstly, we find that for a given energy range (10 − 100 GeV) the possibility to detect a thermal DM particle with mass of 100 GeV-1 TeV is too small (see Fig. 7 ). However, we notice that the analysis may be improved by extending the relative energy range. Secondly, we set constraints on the DM annihilation cross section. In Fig. 8 we show the prospective results for the individual analysis of the WLM galaxy, where we illustrate that the constraints on the DM annihilation cross section in the case of two channels, bb and τ + τ − , are comparable with that of the SEGUE 1 dSph. Additionally, we would like to point out that the claim for a 2σ detection of the DM signal in ultra-faint dwarfs Indus II [65] and in Tucana III [66] may be confirmed by the study of the WLM galaxy.
In Fig. 8 we also show the results for the stacked analysis of the extended sources. The latter gives a good prospective for the observation of thermal DM particles annihilating into bb or τ + τ − channels with Fermi-LAT for a DM mass of 10 GeV or with the future CTA experiment for a mass between 100 GeV and 1 TeV. Considering that our preliminary analysis does not make use of the rough experimental data, the comparison with the constraints obtained with the classical dSphs is not direct [6, 63] . In fact, we ask for a 5σ detection on zero and non zero backgrounds with ten-years of observation and 36 objects. A weaker request of 2σ significance for the detection of any signal would give stronger constraints, as we shown in W + W − on the left panel of Fig. 8 . Concluding, we would like to mention that the increasing number of dIrr galaxies with measured kinematics [7, 17] will greatly improve the significance of the results of the stacked analysis. Furthermore, if one assumes that an intermediate mass black hole resides in a centre of a dwarf galaxy, then the corresponding J-factor might be greatly enhanced within the radius of influence of this black hole. This possibility was already studied in dSphs (see e.g. [67] ).
A Appendix: Rotation curves
As it was mentioned in Section 1 the URC in most of the cases is able to fit the individual rotation curves of galaxies in our sample. However, for three galaxies of the sample (NGC6822, AndIV and UGC8508) it fails to reproduce the outer rotation curves. On Fig. A.9 we plot the prediction for each individual galaxy (as obtained by the URC studies) over kinematical measurements of individual galaxies. Red points with error bars represent the observed circular velocities of galaxies in the sample. Blue lines represent the predictions for the circular velocities from the universal rotation curve analysis (plotted up to the virial radii of galaxies). We also show the zoomed-in area for the inner 8 kpc (colours online). Although the astrophysical factor is extensively used in DM indirect searches, estimating its value is sometimes not straightforward, unless to spend time to well understand it. Typically, the DM density distribution is given in the spherical coordinates ρ(r) of the source reference frame. Calculating the astrophysical factor requires a change in the coordinate reference system, from the source to the observer. First of all, one needs to move from spherical to cartesian coordinate system. This makes simpler identification of the source at the distance d from the observer. Then, it is straightforward to recover the required coordinate reference system along the l.o.s. as follows: ρ(r) ≡ ρ(x , y , z ) ≡ ρ(x − d, y , z ) ≡ ρ(l, α, β).
(B.1)
Here, r and (x , y , z ) are the radial and the cartesian coordinates in the reference source system, respectively. On the other hand, the cartesian and the l.o.s. coordinates in the observer reference system are (x, y, z) ≡ (x − d, y , z ) and (l, α, β), respectively. Changing the reference system: with α = 0, l min/max = d ± r. Here, r = r max is the virial or the tidal radius of a dIrr or a dSph galaxy, respectively. Because of the square root, if α = 0, one needs to require that r 2 > ∼ d 2 sin 2 α. This also gives the angular versus the radial dimensions of the source in the sky as α = arcsin(r/d). As discussed in Sections 2, 4 and 5, if r = R vir , it is easy to determine the projected angular dimension of the source in sky α vir . If the angular resolution of the instrument is θ PSF < ∼ α source the source can be resolved by the instrument. Otherwise, if θ PSF > ∼ α source , the source is unresolved and the point-like analysis is required.
